ABSTRACT: Contrast-enhanced computed tomography (CECT) using charged contrast-agents enables quantification of cartilage glycosaminoglycan content. Since glycosaminoglycan content is a key determinant of cartilage compressive stiffness, CECT measurements have the potential to non-invasively assess cartilage stiffness. The objective of this study was to determine whether CECT attenuation, using a cationic contrast-agent (CA4þ), correlates with the stiffness of intact cartilage. Six fresh femoral and six fresh tibial compartments with intact cartilage were obtained from patients undergoing total knee replacement surgery. The instantaneous stiffness was determined for 25-50 points on the surface of each compartment using an established indentation technique. The samples were then immersed in CA4þ solution for 48 h, scanned in a micro-CT scanner, and the average CECT attenuation at each indentation site was found for the superficial cartilage. A significant (p < 0.01) and positive correlation was observed between stiffness and CECT attenuation for sites from each individual cartilage surface, with correlation coefficients ranging from r ¼ 0.37-0.57 and r ¼ 0.48-0.69 (p < 0.01) for the tibia and femur, respectively. When data for each type of cartilage surface were pooled together, the correlation coefficients were r ¼ 0.73 for femoral condyle data points and r ¼ 0.49 for tibial plateau data points. CECT provided a map of cartilage stiffness across each surface, which allows regions of low stiffness to be identified. These findings support continued evaluation and development of quantitative imaging techniques to assess the functional properties of cartilage. ß
Osteoarthritis (OA) is one of the most prevalent joint diseases and a leading cause of pain, dysfunction, and disability. [1] [2] [3] Because cartilage's primary function is mechanical and because OA disrupts cartilage's mechanical function, there is a substantial need for assessment of mechanical properties of cartilage such as stiffness in OA research. 4, 5 The most widely used current method for measuring cartilage stiffness in vivo is to probe the tissue during arthroscopy, which is invasive and has poor repeatability. 6, 7 Direct mechanical measurements such as confined/unconfined compression and indentation, used ex vivo, are destructive and time -consuming. There is a substantial need for a surrogate, non-invasive measure of cartilage stiffness.
Contrast-enhanced computed tomography (CECT) using charged contrast agents is used to quantify the glycosaminoglycan (GAG) content of cartilage. Since GAG is a key determinant of cartilage compressive stiffness, CECT measurements have the potential to non-invasively assess cartilage stiffness. Most CECT approaches employ commercially available anionic contrast agents. [8] [9] [10] [11] [12] Electrostatic repulsion between the anionic contrast agent and the negatively charged GAG molecules results in accumulation of contrast agents within cartilage in inverse proportion to GAG content. These accumulations are reflected in x-ray attenuation in CECT images, which then becomes an index of GAG content. A cationic contrast agent (CA4þ) was recently described for use in CECT. 13, 14 In cartilage, CA4þ is attracted to the negatively charged GAG molecules and accumulates in direct proportion to GAG concentration. CECT using CA4þ, validated against histology assessments, 14,15 shows higher sensitivity to GAG content than its anionic counterparts. 14, 15 Associations between CECT attenuation and cartilage stiffness have been reported in plugs of animal cartilage [16] [17] [18] [19] and human metacarpal cartilage, 20 owing to the strong relationship between GAG content and cartilage stiffness. In vivo application of CECT has been investigated, 21, 22 and there are important considerations (e.g., interaction of contrast agent with body, optimal dose of the agent, and radiation exposure) that must be considered before implementing this method in clinical practice.
Using CECT as a surrogate measure for cartilage stiffness in humans requires validation in intact human cartilage. Animal cartilage 23 is different from human cartilage in composition and mechanics. Studies using excised cartilage plugs [17] [18] [19] [20] are of limited use, since harvesting plugs from the intact joint surface affects mechanical properties by violating the integrity of the cartilage, and limits the spatial resolution with which stiffness variations across the surface can be assessed. The objective of this study was to determine the association between CECT using a cationic contrast agent and stiffness in intact human knee cartilage.
METHODS
In this study, we (1) performed indentation in intact human tibia and femur cartilage using a multiaxial mechanical tester; (2) performed CECT of the cartilage after immersion in CA4þ; (3) examined correlations between stiffness and CECT attenuation; and (4) assessed CECT's ability to identify regions of reduced stiffness and map stiffness across the cartilage surface.
Sample Acquisition and Sample Preparation
Six human tibial plateaus and six human femoral condyles from patients with a clinical diagnosis of OA undergoing total knee replacement (TKR) surgery were included in this study (mean age ¼ 73 AE 9 years; 8 females and 3 males). Nine samples were stored on ice after collection and tested within 6 h of collection; three samples were stored in a À20˚freezer and thawed overnight prior to testing. This storage protocol was found to produce no detectable changes in cartilage mechanical properties. 46 Cartilage compartments having areas with visible heterogeneity and minimal cartilage disruption (more than 90% of the area ICRS grade 0 or 1) were selected. All procedures were approved by the UBC Clinical Research Ethics Board.
Mechanical Testing Protocol
The stiffness of the intact cartilage compartments was mapped using an indentation technique with a multiaxial mechanical testing system (Mach-1 v500css, Biomomentum, Laval, Canada) that allowed for automated alignment of the indenter normal to the cartilage surface (Fig. 1a) . The cartilage samples were secured in the testing chamber of the mechanical tester using screws providing a rigid frame for testing (Fig. 1b) and immersed in phosphate buffered saline (PBS) solution with protease inhibitors to prevent dehydration during testing. All measurements were performed at room temperature. The immersion/testing time was approximately 2 h. At each tested position, the system determined the surface orientation by measuring the articular surface location at four points adjacent to the indentation point. The spherical indenter (D ¼ 1 mm) was advanced normal to the surface by simultaneously moving the three linear stages of the tester at appropriate speeds. The indenter was advanced to 0.3 mm displacement (approximately 10% strain) from the surface at 0.5 mm/s. This displacement amplitude was selected to keep the stress on the cartilage within the physiological range (2-11 MPa) and minimize the risk of cartilage damage 24, 25 (stress calculation was based on Hertz equation). The indentation velocity was selected to ensure the elastic response of cartilage. Force normal to the surface was measured with a three axis load cell (3.5 and 2.5 mN resolution on the vertical axis and the horizontal axes, respectively). The indentation was performed across the surface of each sample at 25-50 testing locations per sample, depending on sample size. About 95% of the testing locations had fully intact cartilage or minimal cartilage disruption (ICRS grade 0-1) and about 5% of testing locations had considerable cartilage loss (ICRS grade 2). Spacing of the locations was at least 1 mm to ensure that indentation sites did not overlap. The ratio of peak normal load to normal displacement was defined as stiffness. At each location, the stiffness was measured twice and the average was reported. The repeatability of the indentation protocol was confirmed in a previous study where the coefficient of variation was found to be less than 8%. 26 Two fiducial markers were attached to each sample and their corresponding coordinates in the mechanical tester frame were recorded for registration purposes. This was achieved by replacing the indenter with a needle and measuring the coordinates of five points on the surface of each marker, and then determining the marker centroid using a best-fit sphere.
CECT Imaging and Analyses
Following the indentation test, samples were immersed in CA4þ solution at a concentration of 12 mg of iodine/ml mixed with protease inhibitors for 48 h at room temperature, which is sufficient time for full equilibration of the contrast agent based on our previous diffusion experiment. 26 Our protocol allowed diffusion to occur primarily through the surface of the cartilage, which was supported by our later observation that no change was observed in the attenuation of bone regions following immersion. This concentration of CA4þ solution was prepared by dissolving the dry compound in deionized water and pH balancing to 7.4 using 4.0 M NaOH. The osmolality of the solution was adjusted to 400 mOsm/kg using sodium chloride to match the in situ osmolality of cartilage. 27 The contrast agent volume was about 20 times that of the cartilage volume to prevent dilution effects during diffusion. Prior to imaging, the samples were removed from the contrast agent solution and the surface was gently blotted using gauze to remove excess solution. To prevent dehydration of samples during scanning, they were wrapped in two layers of paraffin film (Parafilm, US). The samples were then centrally positioned and attached to the bore of a CT scanner (XtremeCT, Scanco Medical, Switzerland) with tape. Sequential images of cartilage and subchondral bone in the coronal plane were acquired (Fig. 2) at an isotropic voxel size of 41 mm, 300 mAmp tube current, and 120 kVp voltage in the XtremeCT.
The CECT data were converted to DICOM format, imported into Matlab (Mathwork, Natick, MA), and the cartilage was segmented from the subchondral bone using a threshold-based algorithm combined with manual segmentation. The imaged and physical coordinates of the fiducial markers were registered and the indentation testing locations were identified in image space. At each testing site, the voxel-wise average CECT attenuation (in Hounsfield Units-HU) was determined within a cylindrical volume (d ¼ 1 mm and h ¼ 0.6 mm) normal to the surface, corresponding to the region known to be affected by indentation. 28 This ROI was chosen based on the findings of a FEM study that reported that the stress from indentation decreases by 50% at a depth twice the indentation amplitude and that the cartilage properties within that region dominate the response of cartilage to indentation. 28 Local thickness was also determined from images to ensure that all testing locations were at least 2 mm thick, since cartilage stiffness measurements in locations thinner than 2 mm are sensitive to differences in cartilage thickness. 28 Indentation testing locations thinner than 2 mm were excluded in final analysis.
Statistical Analysis
The correlation between stiffness and CECT attenuation was described by calculating the Pearson correlation coefficient (r) with p < 0.05 considered to be statistically significant. We assumed linear correlations based on our finding that higher order fits did not improve correlations meaningfully in an earlier study with similar data 26 and based on the use of a linear assumption in almost all previous studies of this type in the literature. [18] [19] [20] Model fits were compared across cartilage samples using ANCOVA analysis to determine the effect of tissue type, inter-subject variability, and gender on correlations. All statistical analyses were performed using commercially available software (MATLAB 2015 and SPSS22 [SPSS, Chicago, IL]).
RESULTS
A qualitative comparison of stiffness maps and CECT attenuation showed that CECT attenuation demonstrates similar patterns to stiffness measures in both tibial and femoral cartilage (Fig. 3) .
A total of 425 testing locations from six tibial plateaus and six femoral condyles were assessed by both indentation and CECT. When all testing locations for each type of articulating surface were pooled together, the correlation coefficients between CECT attenuation and stiffness were r ¼ 0.73 for femoral condyle data points (Fig. 4b) and r ¼ 0.49 for tibial plateau data points (Fig. 4c) . We found a significant (p < 0.01) and positive correlation between the CECT attenuation and stiffness within each of the twelve samples, with correlation coefficient ranges of r ¼ 0.48-0.69 for femoral condyles and r ¼ 0.37-0.57 for tibial plateaus (Table 1) .
The slopes of the regression lines describing the relationship between CECT and stiffness in the femoral condyles were not significantly different according to an ANCOVA analysis of the homogeneity of the slopes (F ¼ 2.182, p ¼ 0.057), indicating the same CECT-stiffness relationship across samples. Likewise, for tibial plateaus, the slopes were similar (F ¼ 1.767, p ¼ 0.139) except for one of the samples. The slopes for the femoral condyles were significantly different 
DISCUSSION
CECT attenuation using a cationic contrast agent (CA4þ) is correlated with stiffness assessed with indentation testing in intact human femoral and tibial cartilage, with correlation coefficients ranging from r ¼ 0.37 to 0.69 (p < 0.01). This result is consistent with the fact that GAG plays an important role in the compressive stiffness of cartilage, and CECT with CA4þ reflects GAG concentration.
Our measurements of compressive stiffness of intact human femoral and tibial cartilage are consistent with the results of previous work. Previous studies used either a mechanical tester [28] [29] [30] or an arthroscopy probe 31, 32 to measure stiffness. For comparison with other studies in literature, we calculated the corresponding contact pressure from our indentation measurements of instantaneous stiffness. The contact pressures corresponding to our indentation tests on the tibial plateau (0.06-3.66 MPa) is in the same range as the values reported in a similar study 30 that measured stiffness in human cartilage from TKR (0.12-3.87 MPa) but lower than those reported in the same study for a cadaver (0.41-8.4 MPa). Our femoral condyle stiffness measurements are comparable in range but lower on average than arthroscopic stiffness measurements in cadaver tissue 31 and in vivo 32 investigations of femoral condyle cartilage (0.78 MPa vs. 7.05 MPa and 6.72 MPa, respectively). This difference is likely because our specimens were obtained from patients undergoing knee arthroplasty for osteoarthritis. While about 95% of the tested regions were ICRS grade 0 or 1, even this mostly intact cartilage was likely less stiff due to early osteoarthritic changes, given that OA was sufficiently advanced in other regions of the joint to require arthroplasty.
Our CECT attenuation findings are also consistent with those from previous studies. The range of CECT attenuations (400-3,000 HU) we found for human knee cartilage is comparable with the only previous investigation that used CA4þ at the same concentration (12 mgI/ml) along with CECT to assess human cartilage, 18 which found CECT attenuation ranging between 500 and 4500 HU in the metacarpal joint. The lower attenuation in our CECT data may be attributed to the difference in tissue properties between the anatomical regions (femur and tibia vs. metacarpal) and also to the fact that we tested samples from older patients with osteoarthritis.
Our finding that CECT attenuation is correlated with cartilage stiffness is consistent with previous reports for bovine, 16 mouse, 18, 19 and human metacarpal 20 cartilage. Our finding of r ¼ 0.75 and 0.49 (pooled femur and tibia data, respectively) for correlations between attenuation and instantaneous stiffness for pooled knee cartilage surfaces is comparable to the finding of r ¼ 0.7 between CECT attenuation with an anionic contrast agent and elastic stiffness in a study of 17 regions in 1 cadaver knee imaged using conebeam CT. 29 The broader applicability of results from that study is somewhat limited because it is from a single knee and because stiffness was not as densely mapped across the joint surfaces. Our finding that CECT attenuation is correlated with articular cartilage stiffness is not consistent with findings from two studies which found poor or no correlation between GAG and indentation stiffness. 32, 33 Comparing the instantaneous stiffness (using a handheld probe) and GAG content (obtained from biochemical analysis), Bae et al. 33 found a weak correlation (r ¼ 0.24) and Franz et al. 32 found no correlation between stiffness and GAG concentration in human cartilage samples. This may be due, in part, to the selection of the region of interest for GAG quantification. The selection of the cylindrical region of interest and its size in the current study were based on model findings that the instantaneous load response of cartilage is most sensitive to GAG close to the cartilage surface, while deeper regions make minimal contributions. 28 The CECT technique is analogous to delayed Gadolinium Enhanced MRI of Cartilage (dGEMRIC), an MR-based quantitative approach, and both have been explored for non-invasive assessment of cartilage stiffness. DGEMRIC was used to assess GAG content and to predict cartilage mechanical properties in several investigations, [34] [35] [36] including two studies in the human tibial plateau. 28, 30 A disadvantage of the experimental methodology used in those studies is that, due to the limitation of the indentation protocols used, measurements of cartilage properties were restricted to flat regions of the samples only, while in the current study we were able to test the highly curved regions of the femoral condyle and map the entire surface. dGEMRIC is well-established and widely used in vivo. CECT is at an early stage of development, but offers some potential advantages including higher spatial resolution, shorter acquisition times, lower cost and potential for simultaneous imaging of cartilage and assessment of bone density that would be useful for studying the role of subchondral bone in the OA disease process. [37] [38] [39] The qualitative comparison between stiffness and CECT maps showed that the CECT method is useful for identifying and quantifying local differences in mechanical stiffness. Using CECT to predict absolute values for cartilage stiffness is unlikely to be sufficiently accurate in many applications, due to the large inter-subject variability in mechanical and compositional properties. Even for the strongest observed correlation (r ¼ 0.69) this technique is able to explain less than 50% of variation in the stiffness of the cartilage. The reason that we did not observe stronger correlations could be attributed to the role of the collagen network in cartilage mechanics, which would not normally be captured by ionic CECT. Collagen makes a large contribution to cartilage biomechanical behavior. 40, 41 When the cartilage surface is subjected to compressive loading, aside from compressive stress, it undergoes deformation resulting in tensile stresses that are resisted by collagen in superficial cartilage. The collagen is oriented parallel to the cartilage surface in the superficial layer and generates a "trampoline effect" 42 which influences the response of cartilage to indentation particularly when the instantaneous stiffness of the tissue is being examined. Stiffness of a given region would also be expected to be influenced by the level of degeneration of adjacent regions, which is not captured in the analysis. We found different attenuation versus stiffness slopes for tibial and femoral cartilage, which may be due to differences in mechanical properties and cartilage composition between articulating surfaces. 43 The CECT method is likely to be most useful for detecting regional stiffness changes that are characteristic of early osteoarthritis such as those that are obtained during arthroscopy, when the relative stiffness within a joint surface is measured with a probe to detect areas of degeneration.
A key strength of this study is that we performed both imaging and mechanical testing in intact cartilage samples. This is important because harvesting cartilage plugs affect its mechanical properties and could cause cartilage stiffness to decrease up to 79% and 37%, respectively. 44 A second strength of our approach is that we assessed instantaneous stiffness, which allowed us to map stiffness with relatively high resolution across the joint surfaces. This is important because cartilage stiffness changes substantially across joint surfaces, and these changes may be functionally and clinically important. While assessing additional strain magnitude/rate combinations would have been possible, they would have required more time and reduced the number of tested points, which would have reduced the resolution. We chose instantaneous (dynamic) stiffness from the range of strain conditions tested in the literature because it is a meaningful measure of cartilage function and, unlike equilibrium stiffness, it changes continuously across the full range of cartilage grades and has demonstrated higher sensitivity to cartilage degeneration. 45 Finally, we were able to image with high enough resolution to identify localized regions with reduced stiffness. This is important because these localized changes in cartilage mechanics will be of interest in studies seeking to understand the OA disease process.
One limitation of our study is that we could not fully replicate the in vivo condition. The diffusion kinetics of the contrast agent into cartilage in vivo would be substantially different than in our ex vivo samples due to such effects as the presence of synovial fluid and other tissues in the joint space, the rapid efflux of contrast agent from the joint space, and mechanical load on the cartilage surfaces. A second limitation is that we collected tissues from patients with advanced OA and the selected samples should not be considered biologically or structurally normal, even though specimens were assessed visually. A definitive assessment of the utility of the method for assessing early cartilage degeneration would require cartilage samples from completely healthy joints and joints at early stages of OA. However it is practically very difficult to get fresh samples of tissue from healthy knees.
There are important considerations that require further investigation for implementing CECT in clinical practice. A limitation of the approach is that the interaction of the contrast agent with living tissue, its residence time inside cartilage, the diffusion time required for the contrast agent, and the optimal dosage and radiation exposure for in vivo use require further investigation. The resolution used in this study (41 mm) is better than the resolution of clinical scanners (typically hundreds of microns), and scanning at clinical levels of resolution will limit the method's ability to show detailed attenuation variations across the surface and through the cartilage thickness and increase concerns about partial volume effects.
These findings support continued evaluation and development of CECT to assess the functional properties of cartilage. Such techniques are in significant demand for osteoarthritis research.
CONCLUSION
We found a statistically significant correlation between CECT measurements of intact human cartilage and stiffness measurements obtained from direct mechanical testing.
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